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ABSTRACT 


The purpose of this thesis is to investigate the effect 
of the diameter of handwheels on the maximum speed of turn- 
ing that an operator can impart to a handwheel for different 
torques applied to the handwheel shaft. 

Five handwheels were studied ranging in cranking radii 
from 1.625 to 6.375 inches. 

Five different torques were used ranging from 0.9 to 
84.6 in-lb. 

Ten subjects were tested, The subjects were volunteers 
from the male population of Purdue University. 

Based upon the results a family of curves was drawn 
showing the relationship between the time per revolution 
and the radii of handwheels for different torques. The 
minima of these curves, as obtained by means of Lagrange's 
interpolation formula, were used to draw a graph showing 
the relationship between torques and radii of handwheels 
for the condition of maximum turning speed. 

The analysis of the results led to the following con- 
clusions: 

For each individual the maximum speed of turning seems 
te be affected, within the range of the present experiment, 
by two factors: a) The muscular force required for turning 
the handwheel, b) The radii of the handwheel. 

There is a strong indication, statistically 
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significant at the 1% level, that, for a given torque, 

one specific handwheel among those tested produces the 
maximum turning speed. This fact appears to justify the 
use of the maximum turning speed as an objective criterion 
for the selection of handwheels. 

The curve showing the relationship between torques and 
radii of handwheels for the condition of maximum turning 
speed should provide an approximate solution for the probe 
lem of selecting that handwheel which should allow for the 
maximum speed for a particular torque. 
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EFPECT OF HANDWHEZL SIZES ON THE TURNING SPEED 


INTRODUCTION 


The eunty of the performance of machine control de- 
vices first caught the attention of investigators as early 
as 1926, '4) With the outbreak of Yorld War II a concerted 
drive was made to eliminate much of the uncertainty impair~ 
ing the utilization of human abilities in the operation of 
equipment. To this end, many investigations have been per~ 
formed on control devices such as knobs, levers and hand- 
wheels. 

«In 1946 Raines and Rosenbloom'*) ssudied the perfor- 
mance of handwheels operating at maximum speed and also at 
a moderate constant speed. In this work they arrived at a 
graph showing the relationship between the turning speed 
and the turning force required when several subjects oper- 
ated at maximum speed a handwheel 1.5 inches in diameter. 
This graph indicates an approximate linearity between the 
turning speed and the turning force and also a wide variae 
bility among individuals. However, because of the wide 
variability among individuals, Kaines and Aosenbleom felt 


(1) Kuwhne, #. P., Studies Concerning the Optimum Determina- 
tion of Reactions of Force on Contrels of hines, Indus- 
trielle Psychotechnick, v3, n6, pl67-172, June 1926, 


(2) Raines, A. and Rosenbloom, J. H., Ideai Torques for 
Handwheels and Knobs, Machine Design, vl8, August 1946. 
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that it was worthless to pursue further investigation of 
the operation of handwheels at maximum speed. In their 
investigation at a moderate constant speed, they attempted 
to introduce a selective criterion for handwheels based on 
the subjective feelings of the operators. 

In 1948 an extensive study was undertaken by seea!>) 
on the factors influeneing rotary performance. Reed's work 
is a step forward from that of Kaines and Rosenbloom in the 
sense that it proves the existence of o definite relatione 
ship between the cranking radius and the maximum turning 
speed of hendwheels. In his experiment Reed used handwheels 
renging in cranking radii from 0.394 to 7.88 inehes and 
torques ranging from sero to 4.34 in-lb. 

Based upon this previous research there appears to be 
a need for further investigation and the introduction of a 
basis for an objective selection of handwheels to operate 
at maximun speed. 


(3) Reed, J. D., Factors Infiuenc Rotary Performance, 
The John Hopkins University, Ph.D. Dissertation, 1948. 
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PURPOSE 


The purpose of this thesis is to investigate the ef- 
fect of the cranking radii of handwheels on the maximum 
speed of turning that an operator can impart to the hand- 
wheel. 
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EQUIPMENT AND PROCEDURE 


The Apparatus 
The apparatus (Fig. 1) used consisted of « shaft to 


support the handwheel and a belt arrangement designed to 
permit the application of different torques to the shaft 
of the handwheel. The torques were set by varying the belt 
tension with the aid of turnbuckles, (see Pig. 1). The 
shaft was supported by selfealigning bearings to minimize 
any possible effects resulting from the deflection of the 
shaft under heavy belt tensions. 

Pive handwheels (Fig. 2) were used, with cranking 
radii of 1.625, 2.250, 3.062, 4.500 and 6.375 inches. 
These handwheels will be referred to as handwheels 1,2,3, 

& and 5, respectively. 

The handwheels had fixed handles which had different 
shapes as can be seen from Fig. 2. Fixed handles were not 
desirable for the present experiment because of the variable 
friction between the hand of the operator and the handle of 
the handwheel; this difficulty was overcome by providing 
the operators with a cotton glove, 

Pive torques were used: 0.9, 10.7, 28.2, 5704 and 
$4.6 inch-pounds. These were dynamic torques as estimated 
from the readings on the tension scales when the handwheel 
shaft was being turned at the maximum speed by an operator 
of approximately average strength. The dynamic torques 
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Pig. 1 THE EXPERIMENTAL SETjUP AND THE KYMOGRAPH 
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were found to be very close to the static terques as can be 
seen fron the following table: 
Dynamic Torques: 10.7 28.2 57h Sh.6 
Static Torques: 10.1 28.2 59.0 89.0 

The Timing Revice 

The Kymograph'*) (Pig. 1) was used to measure the 
speed of turning of the handwheel, In order to use this 
timing device a bumper was attached te the handwheel shaft 
in such a way that in each revolution this bumper operated 
a micro switch which clesed the circuit fer the kymograph. 
The time for each revolution could be measured then by the 
distance between each pair of pips in the kymograph paper. 
(See Appendix D for sample) One centimeter of kymograph 
paper represents 0.0436 seconds of time, 
The gelection of subjects 

The subjects used in the experiment were volunteers 
from the male population of Purdue University. All were 
right handed and had ne injuries to their hands or arms. 
They varied in age from 29 to 39 years with an average of 
31.9 years, Their average height was 5 ft-10 in and ranged 
from 5 fte-# in to 6 ft-2 in. The elbow height of the 
operators varied from 40.5 to 46 in with an average of 
43.2 in. (For the physical characteristics of each operator, 
see Appendix E) 
The imentei 2 

For each experiment the handwheel shaft was adjusted 


(4) For a diseussion of the Kymogra see Barnes, RM. 
University of Iowa Studies, Pitedan n-6, February 1936 
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te be at the height of the operator's elbow because it was 
assumed that the elbow is the natural center of rotation 
for the forearm in the operation of handwheels. The oper- 
ator was required to stand in front of the handwheel with 
the right arm and the tip of the right foot in the vertical 
plane containing the handwheel shaft. ‘he tipe of the feet 
were 15 inches apart and @ inches away from the vertical 
plane containing the handwheel., Sefore each run the opere 
ator was instructed on how to grasp the hendle and was ree 
quired to perform one or two revolutions te get the feeling 
of that torque which was set for each run. Then, the opere 
ator was encouraged not to attempt to reach the maximum 
speed of turning in the first two revolutions but from then 
on he should apply his maximum physical exertion in order 
to impart the maximum speed to the handwheel. The objective 
of this precaution was to reduce the muscular strain usuale 
ly associated with the instantaneous application of a great 
muscular force. Each operator performed 20 runs in which 
the different handwheels and torques were randomly dis 
tributed. These 20 runs, except fer the randomisation, 
followed the scheme illustrated in the table below: 
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The reason for the blank cells in the table above 
is that it was found impractical to use some of the smaller 
handwheels for heavy torques, 

The duration of each run was about 3 seconds and the 
interval between the runs was 3 minutes. 
The Sampling Procedure 

Por each run, 6 observations were made of the time re- 
quired to complete the revolutions from the 6th to the 13th 
inclusive. Therefore, for each subject 20 cells were ob- 
teined with 6 observations per cell. In all, 10 subjects 
were tested making a total of 200 cells with 6 observations 
each. 
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10 
RESULTS 


The data for all operators, handwheels and torques 
are summarized in Tables 1 to 5. The complete data from 
which these tables were prepared is included in Appendix A. 
(For the homogeneity of measurement error see Appendix B) 

Using the mean time per revolution among all operaters 
the family of curves shown in Pig. 3 was obtained. From 
this family of curves it can be seen that: 

a) For any given size of a handwheel, the time for 
completion of one revolution increases as the torque ine 
creases, or, what smounts to. the same thing, the speed of 
turning decreases as the force required for turning in- 
creases. | 

b) If the torque is sero, or nearly so, the time per 
revolution increases with the radius of the handwheel. 

Tables 1 to 5 show a wide variability among individuals 
in their abilities to impart the maximum turning speed to 
a handwheel. However, they show also a strong indieation 
that, for a given torque, one specific handwheel among 
those tested produces the maximum turning speed regardless 
of the physical strength of the cperators involved. (The 
Significance test for speeds of handwheels is presented in 
Appendix 8) On the basis of thie fact a graph was cone 
structed (Fig. 4) relating the radii of handwheels and 
torques for the condition of maximum turning speed. ‘The 
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Fig. & 
RELATIONSHIP BETWEEN TORQUES AND 
CRANKING RADII OF HANDWHEELS FOR 
THE CONDITION OF MAXIMUM TURNING 


SPEED 


1S) - wr 


CRANKING RADII OF HANDWHEELS IN INCHES 
i) 


10 20 30 40 50 60 
TORQUE IN INCH=POUNDS 


ae 


2 Eee Coen seeme en es 
veearie 2+ 


titers : 
tT rttty) ast apie Sweritcrs; 
astplate : : 

+ hare | 
soe neers mob ceed bath toes Seasd Sete 
. +* : ’ ¢ 


hnes 


soos Abbas pote} Choas 


is 


radii of handwheels used in plotting this graph were ob- 
tained by minimizing Lagrange's interpolation formula!) 
as applied to the curves sketched in Pig. 3. (Refer to 
Appendix C). 

This graph probably provides an . approximate solution 
te the problem of selecting handwheels with a cranking 
radii ranging from 2.46 to 5.07 inches to operate at maxie 
mum speed under a constant torque in the range |0.4 to 


57.4 in-lb. 
(5) Searbo » ¢- 3., Numerical Mathematical Analysis; 
The John Hopk * Press, 1930, pages 72 and 116. 
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CONCLUSIONS 


1. For each individual the maximum speed of turning 
seems to be affected, within the range of the present exe 
periment, by two factors: 

a) the muscular force required for turning the handwheel, and 
b) the radii of the handwheel. 

Be There is a strong indication, statistically sige 
nificant at the 1% level, that, for a given torque, one 
specific handwheel among those tested produces the maximun 
turning speed. This fact appears to justify the use of the 
maximum turning speed as an objective criterion for the se- 
leetion of handwheels. 

3. Within the limits of the torques and handwheel 
redii indicated, the curve in Fig. 4 should provide an ape 
proximate solution for the problem of selecting that hand 
wheel which should allow for the maximum turning speed for 
&@ particular torque. 
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APPENDIX A 


DATA FOR ALL OPERATORS, HANDWHBELS AND TORQUES 
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APPENDIX B 
STATISTICAL ANALYSIS OF ALSULTS 


The Homogeneity of Measurement Error 
To find out whether we have homogeneity of measurement 
error we take the range A, for each cell, and then we caleu- 
late R, i.¢., the mean range for all cells. Then we can set 
the Upper Control Limit for ranges in samples of six observa- 
tions: ') 
UCL, “ bE * 2,00 K = 6.281 


We want or hope that a not excessive number of the 
200 i's is above the UCL,. If so, then, we have homogeneity 


of measurement error. 

As can be seen from Tables 1 to 5, five points are 
above the UCL. The probabilities of a point being above 
and below the UCL are: 


P(a point above UCL) = 0.004 approximately (7) 

P(a point below UCL) = 0.996 approximately 
Then, in 200 samples we expect 200 x 0.004 = 0.8 above the 
UCL, Observation of the data discloses five above, which 
raises the question as to whether this is excessive, 


(6) Grant, 2. L., Statistical Quslity Control; MeGraw Hill, 
1949, pe 537. 


(7) ery B. + Se The Percentage Limits for the Distribu- 
tion of Rang les from a Normal Population, Biometrika, 
y2h, phoh, fl the ben 932.6 
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The binomiel could be used to find the probability 
of five points or more to be above the UCL, or we can use 
the Poisson as an approximation, '®) 

In our case we have; 

np’ = 200 x 6.004 = 0,8 


P(& or less, ap’ «= 0.8) = 6,999 


P(5 or more, np’ # 0.8) = 0,001 

This is significantly rare and indicates some definite 
tendency to non-homogeneity. 

‘This tendency to non-homogeneity is a definite one, 
but not very strong. 30 we will continue te use F but 
we should be somewhat more conservative in our interpreta- 
tions because of this. 
Significance test for the speed of handwheels 

To test, for example, whether handwheel n22 or n23 
gives lower times (or higher speeds) for a 10.7 in-lb 
torque we find X, = mean time for all observations made on 
handwheel n®2 for the torque under consideration. ‘This is 
to be compared to that for handwheel n23, 

We make the test by using en estimated om ie@s, the 


population standard deviation for within cell variation. 
For samples of size 6 we haves ‘9? 


(8) Grant, 5. Le, ibid., p542. 
©) Grant, &. L., op. cit., p635. 
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If t is larger than 2.58, (2°) in sise, then we have obe 
served a t which by chance alone would occur less often than 
one time in 100 and the difference between the means of the 
observations made on handwheels 2 and 3 is significant at 
the 1% level. 

As ean be seen from the curves in Pig. 3, the difference 
juet tested is about the smallest. 30 it seems to be hardly 
necessary to apply the t test to any other pair of hand- 
wheels. 


(10) Tippett, Le G. He, a tee on “4 "ieegneneae of Sta 
tistics; John Wiley & Sons, 1950, page &. 
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APPEMDIX C 


Estimation of the minimum time per revolution using Lagrange’s 
interpolation formula 
a) Terque: 57.4 in-lb 

Observed points: 


Granking radii Average time per revolution 
x, * 3.062 Yo * S438 
%, = 4.500 ¥y ° 53677 
X_ * 5.375 Yo * 58.04 


Lagrange’s interpolation formula: '22) 
f(x) = A, (x~x, ) (x=2x, )+ 


Ay (=x, ) (x=x,,)¢ 
Ag (xex,) (xox, ) 


where: 


y 

fe * TRS 
¥ 
¥o 

2 Tee) 


After substituting the numerical values and reare- 
ranging the terms we obtain: 


(11) Searborough, J. B. op.cit. 
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f(x) © 2.95 x* = 29.9 x + 128.9 


This function has a minimum at x = 5,07, as is obe 
tained by differentiating and setting the derivative equal 
to sero. 

b) Torque: 28.2 in-lb 
Observed points: 


Cranking radii Average time per revolusion 
X, = 1.625 Vo * O9ebe 
X, = 2.250 ¥, * 55.89 
X_ = 3,062 Yo * 46.14 
x, * 4.500 ¥; * 48.50 
x, * 6.375 ¥, 7 54069 


Pollowing the procedure outlined in the preceeding page we 
find: 


f(x) = <0.2353x" + 2.4598? = 2.6622x* < 32.2623x + 120.0109 


This function has a minimum at x = 3.576. 
ec) Torque: 10.7 inelb 
Observed points: 


Cranking radii Average time per revolution 
x, * 1.625 Yo * 46.61 
X, * 2.250 i 40.66 
X_ = 3.062 Yo * 41.87 
3 * 4.500 ¥5 * 45.85 


x), = 6.375 Y, = 54,017 


7 ve! Bee se . yes ae | —-  @ = [FL ig a ie .. at kev Gy ® Leaf 
eae i a 1 4 we 1 an i ey 1h f iF 
) AWA AS, 

; , R i iy 


QOS + OW Te 208 = (x)2 
ee et ae NOR = x 39 cumtate 6 eed nolsoowt okay 
ere re 
Jeo) oie peel leas 
dhaat S89 veep? (a 
tetalog bevreadd 
mpdawloven nes. paie mpanyss Lido uepieen? 
| MRS Oy Ws wg 
CAE = ox RES ep 
GL Od © oe BOOLE = gx 
aa “ et PO OR ee 
, pian ret | steno 
oe ‘bab 


eoso.0sr + mesbs.s¢ - “xgsdo.s - Sseess + “xcres.e- = (2) 
BRE on ae mates ond votsomt oat 
a dient 7.0L respuot (9 
eee ery) resaloy bevseed0 
Melsuhoves, 195 eh? oseawvA Lida sptingyd 
tasea~ x SOL = Oy 
ee ce ee GRES.*. pe, 
Tb.ii @ gt , Sa6,£ © qi 
SaRREEeTE nae thon 6 GOR d © px 
a OPEL ise 


31 


For this data we get: . 
f(x) = 0,5059x" = 8.25h0x? + 48.4284" = 118.5221" + 143.2163. 


This function has a minimum at x * 2.458. 
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APPENDIX & 


Table 11 
PHYSICAL CHARACTERISTICS OF OPBRATORS 


AGE HEIGHT WEIGHT ELBOW 
OPERATOR {years ) (ft-in) (pounds) HEIGHT 
(inches) 
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